Purpose of Review Here, we review the current understanding of the functional neuroanatomy of neurons expressing Agoutirelated peptide (AgRP) and the angiotensin 1A receptor (AT 1A ) within the arcuate nucleus (ARC) in the control of energy balance. Recent Findings The development and maintenance of obesity involves suppression of resting metabolic rate (RMR). RMR control is integrated via AgRP and proopiomelanocortin neurons within the ARC. Their projections to other hypothalamic and extrahypothalamic nuclei contribute to RMR control, though relatively little is known about the contributions of individual projections and the neurotransmitters involved. Recent studies highlight a role for AT 1A , localized to AgRP neurons, but the specific function of AT 1A within these cells remains unclear. Summary AT 1A functions within AgRP neurons to control RMR, but additional work is required to clarify its role within subpopulations of AgRP neurons projecting to distinct second-order nuclei, and the molecular mediators of its signaling within these cells.
Introduction
Obesity rates have reached pandemic levels both in the USA and worldwide [1, 2] . Current FDA-approved anti-obesity drugs all work primarily through the suppression of caloric intake or absorption, despite increasing evidence demonstrating that the development of obesity involves (and obesity is maintained by) the suppression of resting metabolic rate (RMR) [3••] .
Several hypothalamic nuclei have been implicated in the regulation of energy balance [4] . The arcuate nucleus (ARC), located adjacent to the bottom of the third ventricle, is a key site for integration of peripheral metabolic signals on energy status [5•] . Two distinct types of neurons within the ARC regulate energy homeostasis in rodents: Agouti-related peptide (AgRP) neurons, which co-express neuropeptide Y (NPY), and proopiomelanocortin (POMC) neurons. Acute activation of AgRP/NPY neurons stimulates feeding, while chronic, but not acute, POMC neuron activation suppresses feeding. AgRP is a unique endogenous inverse agonist of the melanocortin 4 receptor (MC 4 R) [6, 7] , a well-established regulator of energy homeostasis. Recent evidence suggests that AgRP may also function as a biased agonist of MC 4 R [8] . Leptin is an adipokine that promotes satiety through its actions on distinct populations of hypothalamic neurons including arcuate AgRP-and POMC-expressing neurons [9] ; furthermore, it is an important modulator of sympathetic nervous activity (SNA) [10] and drives brown adipose tissue (BAT)-mediated non-shivering thermogenesis that contributes to energy balance [5•] . In addition to neuropeptides AgRP and NPY, AgRP neurons also release fast-acting neurotransmitter γ-aminobutyric acid (GABA). Mice with specific deletion of the vesicular GABA transporter (Vgat) in AgRP neurons display resistance to weight gain and increased oxygen consumption when fed a high fat diet (HFD) [11] , suggesting a role for AgRP neurons in the modulation of energy expenditure.
Recent evidence points to a role of the brain reninangiotensin system (RAS) in the modulation of RMR [12] [13] [14] . Our group has shown that angiotensin II 1A (AT 1A ) receptors on AgRP neurons are necessary for leptin's actions on RMR [15••] . Indeed, mice lacking AT 1A receptors in cells expressing leptin receptor (AT 1A LepR-KO mice) that were fed a HFD gained significantly more weight than control littermates without any difference in food intake or digestive efficiency and, in contrast to littermate controls, did not exhibit increased RMR in response to HFD. Similar results were obtained with DOCA-salt treatment, which is known to stimulate RMR in wild-type animals [16] . Furthermore, AT 1A is colocalized more specifically to the subset of leptin receptor-expressing cells within the ARC that also express AgRP (Fig. 1a) . Mice engineered to lack AT 1A receptors specifically in the AgRPexpressing cells (AT 1A
AgRP-KO mice) exhibited a normal RMR on standard chow diet but suppressed BAT SNA in response to icv leptin, as well as suppressed RMR responses to α-melanocyte stimulating hormone (α-MSH), the stimulatory peptide neurotransmitter derived from the POMC precursor. Interestingly, these mice had upregulated ARC expression of the glutamate decarboxylase enzymes Gad1 and Gad2 as well as the vesicular GABA transporter Vgat, which are involved in synthesis and intracellular transport of GABA [15••] . These mice also exhibit increased expression of both AgRP and NPY within the ARC (Fig. 1b) . These results underscore a major role for the RAS within the ARC in the integrative control of RMR and support the overall working hypothesis that AT 1A within AgRP neurons of the ARC functions to suppress the production of neurotransmitters including AgRP, NPY, and GABA.
While the general neurocircuitry of AgRP neurons is essentially known [17, 18] , relatively few studies have focused on elucidating the efferent projections of AgRP neurons involved in the control of RMR. Most lacking is a clear outline of the links between AgRP neurons and other pre-sympathetic hypothalamic and extrahypothalamic nuclei that project to sympathetic centers in the medulla and spinal cord and ultimately innervate the BAT.
As our recent work has highlighted a major role for AT 1A function specifically within AgRP neurons in the control of RMR, this review summarizes the current knowledge about the functional neuroanatomy that underlies RMR regulation by AgRP neurons, as well as the neurotransmitters involved (Fig. 1c) . Our primary focus is to outline the connections between AgRP neurons and their targets in the paraventricular nucleus (PVN) and the dorsomedial hypothalamus (DMH), as well as other hypothalamic and extrahypothalamic nuclei that are known to send direct projections to either sympathetic preganglionic neurons in the intermediolateral (IML) cell column of the spinal cord or brainstem nuclei containing sympathetic premotor neurons that regulate BAT SNA [19] [20] [21] (Fig. 1d) .
ARC ➔ Paraventricular Nucleus of the Hypothalamus (PVN) Connection
Anatomic Studies
The PVN is a heterogeneous nucleus composed of several distinct peptidergic cells generating various hormones (oxytocin, vasopressin, corticotropin-releasing hormone, thyrotropin-releasing hormone), as well as non-peptidergic cells. The majority of hormone-producing cells project to the median eminence and modulate pituitary function, while another population (parvocellular section) projects to other areas of the brain.
The PVN is strongly implicated in the control of feeding, as recently reviewed [22] , but less is known about the role of the PVN in the control of energy expenditure. Retrograde tracing studies with transsynaptic pseudorabies virus (PRV) injected into the interscapular BAT resulted in labeling of PVN neurons [19, 23, 24] , highlighting the existence of PVN-to-BAT pathways. In the last 20 years, several studies have identified direct projections from ARC AgRP neurons to the PVN. Early studies relied on immunohistochemistry and were performed in mice [25] , rats [17, 26, 27] , monkeys [27] , and human brains [26] . All have demonstrated a broad distribution of AgRP immunoreactive terminals, with a high density of projections to the PVN. With the advent of more advanced techniques in recent years, increasing information about both anatomic connections and their function has been obtained. Transgenic mice engineered to express channel-rhodopsin-2 in AgRP neurons via a Cre-dependent viral vector demonstrated light-evoked feeding via activation of projections from AgRP neurons to PVN [28] . More recent studies have also used viral tracing techniques, which allow for more detailed mapping of neuronal connections. In particular, the presence of anatomical connections between ARC, PVN, and BAT were observed using retrograde transsynaptic studies with PRV [19] . Strong innervation of AgRP neurons to the PVN was confirmed by adenovirus associated virus (AAV)-mediated anterograde tracing in AgRP-Cre mice [18] . Finally, Shi et al. [29] , using both a Cre-dependent AAV-mCherry injected into the ARC and retrograde tracing with cholera toxin B injected into the RVLM in AgRP-IRES-Cre mice, recently demonstrated that 36% of RVLM-projecting neurons in the PVN are closely associated with AgRP fibers originating in the ARC. In this study, modulation of AgRP neuron activity by chemogenetics led to changes in splanchnic sympathetic nervous activity, but BAT SNA was not assessed.
Thus, a large body of evidence supports the presence of anatomic links between AgRP neurons and PVN that likely contribute to RMR control.
Neurotransmitters
Most of the studies examining the role of specific neurotransmitters produced by AgRP neurons in their communication to second-order neurons in the PVN have tested their roles in the control of feeding behavior (reviewed in [22] ). The few studies focused on modulation of energy expenditure by the AgRP ➔ PVN pathway have identified NPY as a contributor, while studies testing roles for GABA and AgRP in this circuit remain scant.
Intracerebroventricular NPY administration causes obesity and hyperphagia in rats [30] . However similar experiments performed under conditions of pair feeding also caused the NPY-treated animals to gain more weight than controls, suggesting an inhibitory effect of brain NPY on energy expenditure [30] . Furthermore, intrahypothalamic NPYadministration was reported to decrease BAT thermogenesis in rats [31] . Finally, mice lacking both AgRP and leptin receptors in AgRP neurons, but with intact NPY expression, exhibited decreased oxygen consumption in the second half of the light phase, independent of changes in physical activity [32] . Additional information about the neuronal networks mediating the effects of NPY on energy expenditure was obtained by [33] . This manipulation led to decreased oxygen consumption and BAT temperature compared to NPY −/− mice. Moreover, the PVN was identified as a crucial site for ARC NPY output, as the ARC NPY mice had decreased expression of tyrosine hydroxylase in the PVN, a result also observed as a consequence of HFD-induced obesity. These effects were mediated by NPY Y1 receptors in the PVN, as demonstrated by the fact that ARC NPY injection in Y2 −/− mice led to changes in tyrosine hydroxylase expression, while the same experiment in Y1 −/− mice did not, and by evidence of Y1 colocalization in a majority of tyrosine hydroxylase-positive PVN neurons [33] . The physiological role of GABAergic signaling in the control of energy expenditure was demonstrated in mice with AgRP neuron-specific deletion of the Vgat. Such mice were resistant to diet-induced obesity due to increased energy expenditure, especially HFD-induced thermogenesis [11] . Furthermore, blockade of GABA A receptors through bicuculline microinjection into the PVN in male SpragueDawley rats inhibited the cooling-evoked increase in BAT SNA, demonstrating that the PVN ➔ BAT SNA pathway is under tonic GABAergic inhibition [34] . However the origin of this GABAergic input to the PVN still remains to be elucidated, as many GABAergic neurons are present in the hypothalamus [35] .
Conflicting results have been reported with regard to the role of the melanocortin system in the PVN-mediated regulation of energy expenditure. Intra-PVN injection of melanotan II (MTII), an MC 3 R/MC 4 R agonist, caused increased resting energy expenditure in wild-type mice [36] . However, selective restoration of MC 4 R expression in the PVN of MC 4 R-null mice failed to normalize resting oxygen consumption [37] , and chemogenetic activation of MC 4 R neurons in the PVN had no effect on oxygen consumption [38] . On the other hand, MC 3 R/MC 4 R blockade in the PVN was recently reported to blunt the increase in BAT SNA and BAT temperature in adult male Wistar rats microinjected with N-methyl-D-aspartate (NMDA) in the ARC [39] . In this report, energy expenditure was not measured. Also, given that AgRP neurons were not specifically targeted, these effects may be mediated by other types of neurons within the ARC.
ARC ➔ Dorsomedial Nucleus of Hypothalamus (DMH) Connection

Anatomic Studies
Strong evidence supports a role for the DMH in the central control of BAT thermogenesis, achieved via modulation of SNA (reviewed in [40, 41•] ). As BAT thermogenesis contributes a significant portion of energy expenditure in rodents, the DMH is likely to play an important role in the modulation of energy homeostasis.
As with the PVN, ARC ➔ DMH projections were initially reported in immunohistochemical studies [17, 27] . Injection of PRV, a retrograde transsynaptic tracer, into BAT resulted in progressive infection in several hypothalamic nuclei including the DMH [19, 23, 24] . A more recent report of whole brain mapping of axonal projections of AgRP neurons using AAV-mediated anterograde tracing also identified connections between ARC and DMH [18] . Finally, Shi et al. [29] reported that 31% of DMH neurons were closely associated with AgRP fibers originating in the ARC, using a Cre-dependent AAVmCherry injected into the ARC plus retrograde tracer cholera toxin B injected into the RVLM of AgRP-IRESCre mice.
Neurotransmitters
Chitravanshi et al. [39] injected FluoroGold into the DMH and observed retrograde labeling of ARC neurons. Neuronal labeling demonstrated that 30 to 40% of all POMC-positive neurons, α-MSH-positive neurons, and Vglut3-positive neurons contained FluoroGold. Unfortunately, the authors did not assess retrograde AgRP neuronal labeling. However, supporting the concept that inhibitory (GABA/AgRP/NPY-expressing) AgRP neurons may directly innervate the DMH, DMH neurons express GABA A receptors [23] , MC 4 R [42] , and Y1 receptors for NPY [43] . Yet, to the best of our knowledge, the specific contribution of AgRP, GABA and NPY signaling to the regulat ion of energy expenditure by the ARC ➔ DMH pathway has not been examined.
It is interesting to note that Chitravanshi et al. have demonstrated that microinjection of NMDA into the ARC resulted in increased BAT SNA and that this effect is blunted by microinjection of muscimol (GABA A agonist), a glutamate receptor antagonist, or an MC 3 R/MC 4 R blocker into the DMH [39] . Liu et al. previously demonstrated that both AgRP and POMC neurons express NMDA receptors, but that genetic disruption only in AgRP (not POMC) neurons had effects on energy homeostasis [44] . Importantly, the study by Liu demonstrated that disruption of NMDA receptors in AgRP neurons caused reduced body weight, adiposity, and food intake. The authors comment that, although oxygen consumption was measured, no conclusion could be drawn regarding differences in energy expenditure because of these changes in body composition. As these results appear to contradict the conclusions of Chitravanshi, additional work to clarify this issue is required.
Other AgRP Projections Potentially Relevant for the Control of RMR ARC ➔ LHA
The lateral hypothalamic area (LHA) is another hypothalamic nucleus known to be important for the homeostatic control of energy balance. Like in the PVN, there are heterogenous and neurochemically distinct types of neurons residing in the LHA, including those expressing orexin/hypocretin, melanin-concentrating hormone (MCH), or anorectic neuropeptide neurotensin [45] . Patients with narcolepsy, a condition characterized by orexin deficiency, have higher BMI despite lower food intake compared to controls [46, 47] . In mice, orexin deficiency is associated with impaired BAT thermogenesis [48] . Several groups have reported that both orexin-and MCH-expressing neurons in the LHA receive dense projections from ARC AgRP/NPY neurons (reviewed in [45] ). Furthermore, orexin fibers were shown to connect to neurons of the rostral raphe pallidus (rRPa) that in turn multisynaptically connected to the BAT [49, 50] . Orexin neurons express NPY receptors type 1 (Y1), and selective Y1 agonists were found to hyperpolarize orexin neurons in ex vivo whole-cell current-clamped recordings of mouse hypothalamus neurons [51] . Orexin neurons express both GABA A and GABA B receptors [52, 53] while MCH neurons express GABA A receptors [54] . These results support a potential role of the ARC ➔ LHA projection in the modulation of energy expenditure.
On the other hand, only low levels of Y5 receptor expression were reported in MCH neurons in the LHA [55] , and MC 4 R expression was found only in neurotensin-positive, but not orexin-and MCH-positive, neurons in the LHA as assessed in MC 4 R-GFP mice in which GFP expression is under MC 4 R gene promoter [56] .
ARC ➔ VMH
The ventromedial hypothalamus (VMH) was shown to influence energy balance by modulating sympathetic outflow as well as peripheral glucose and lipid metabolism [57, 58] . Direct projections exist from VMH neurons to the rRPa [57, 59] . Evidence of projections originating from the ARC to the VMH was obtained from anterograde tracing studies [18, 26] . Recently, microinjections of the melanocortin agonist MTII into the rat VMH were reported to increase skeletal muscle as well as BAT thermogenesis, both at rest and during exercise [58] , implicating the melanocortin system, and potentially AgRP, in VMH-mediated modulation of energy expenditure.
ARC ➔ POA
The preoptic area is the body's main thermostat and activates BAT thermogenesis in response to cold as well as pyrogens [41•] . A high concentration of AgRP-immunoreactive fibers in the medial (MPO) and median (MnPO) nuclei of the preoptic area (POA) was reported [17] . These findings were confirmed by a more recent study using viral vectors for both retrograde and anterograde tracing [18] . Furthermore, POA neurons, especially in the MPO, are rich in MC 4 R [60] and infusion of MTII into the MPO activates BAT thermogenesis in rats [61] . However, to the best of our knowledge, the importance of connections between AgRP neurons and POA in the regulation of resting energy expenditure remains largely unexplored.
Reciprocal Input to ARC AgRP Neurons from Other Hypothalamic Nuclei
Although beyond the scope of this review, it should also be mentioned that projections from several hypothalamic nuclei to ARC AgRP neurons have been identified [18, 62, 63] . One PVH ➔ ARC AgRP projection [62] and one DMH ➔ ARC AgRP projection [63] were shown to modulate feeding behavior. Projections from the LHA orexin neurons to the ARC have also been reported [45] . However, the impact of these reciprocal connections on energy expenditure, if any, remains to be examined.
Projections to Extrahypothalamic Nuclei Involved in BAT Thermogenesis
ARC AgRP neurons have been shown to project to two extrahypothalamic regions that are involved in BAT thermogenesis: the locus coeruleus (LC) [17] and periaqueductal gray (PAG) [17] , both of which in turn project to sympathetic premotor neurons in the RPa [64, 65] . Indeed, retrograde tracing studies performed with PRV injection into the interscapular BAT identified intense labeling in these two nuclei [19] .
As mentioned earlier, selective reintroduction of NPY expression in ARC of NPY −/− mice led to decreased oxygen consumption and BAT temperature compared to NPY −/− mice [33] . In addition to tyrosine hydroxylase neurons in the PVN, tyrosine hydroxylase neurons in the LC were also identified as downstream targets of ARC NPY contributing to the modulation of energy expenditure [33] . However, while Y1 receptors in the PVN appear to mediate NPY's effects on energy expenditure, no direct evidence of Y1 receptors in the TH neurons of the LC is provided in this report. Another study examining brain Y1 receptor immunoreactivity and expression did not find any in the LC [66] .
Intra-PAG muscimol microinjection leads to increased BAT SNA, suggesting the presence of GABA A receptors on PAG neurons [67] . However, the precise origin of the GABAergic tone on PAG neurons is unknown. On the other hand, the presence of Y1 receptors was reported in the PAG [66] . Similarly, MC 4 R presence was observed by immunohistochemistry in both the LC and PAG [68] .
The parabrachial nucleus (PBN) is another nucleus that could potentially be involved in the control of energy expenditure. The PBN receives afferents from skin temperature receptors via the spinal cord and projects to the POA [40] . It also receives direct projections from ARC AgRP neurons [17, 28, 69, 70] and expresses Y1 receptors [66, 71] , MC 4 R [68] , and GABA A receptors [69] .
To the best of our knowledge, the importance of these projections from ARC AgRP neurons on the modulation of energy expenditure has not been studied.
Implications for Studies of the Effects of Angiotensin upon AgRP Neurons in the Control of RMR
As this review illustrates, much remains to be elucidated regarding the regulation of RMR by AgRP neurons, as well as the precise mechanisms through which ANG is implicated in this process. In particular, future studies should examine the following questions:
1. Which projections from ARC AgRP neurons mediate energy expenditure control in response to ANG (versus other stimuli)? 2. Which neurotransmitters within AgRP neurons are modulated by ANG, and are there distinct roles for each neurotransmitter in the projections to various second-order nuclei? 3. Are specific efferent projections involved in the pathogenesis of obesity, the resistance to weight loss in obese patients, and the pathogenesis of obesityrelated cardiovascular disorders, such as selective leptin resistance?
We recently performed an in silico reanalysis of a recently published, publicly available single-cell RNA-sequencing dataset (GSE74672) describing the transcriptome of individual populations of cells within the mouse hypothalamus [72••] . We described the existence of two distinct subsets of AgRP/NPY/GABA neurons: one population with high expression of somatostatin ("Sst-3") and another population with low somatostatin expression ("GABA-14"). Interestingly, only the Sst-3 subset expressed AT 1A at detectable levels [73] . In addition, we recently published images from fluorescent in situ hybridization studies examining the localization and colocalization of AgRP and AT 1A within the ARC, and close examination of these images highlights expression of AT 1A in many, but not all AgRP neurons [15••] (Fig. 1a) . This raises the following additional questions:
1. Does the subset of AgRP neurons that expresses AT 1A (i.e. the Sst-3 subset) selectively contribute to RMR control, while feeding is regulated by the other subset (GABA-14 subset)? 2. Do the Sst-3 and GABA-14 subsets of AgRP-expressing cells exhibit differential projection patterns? 3. Do chronic pathological states such as obesity result in selective alterations in the distinct subsets of AgRP neurons, with regard to expression of AT 1A , use of specific neurotransmitters, or anatomical projections-and can such changes explain the adaptation (suppression) of RMR that is documented during long-term obesity?
Conclusions
In conclusion, evidence accumulated in the last two decades supports a role for ARC AgRP neurons in the modulation or resting energy expenditure, and more recent studies have implicated ANG/AT 1A as a key regulator of this process. Future studies aimed at further understanding the functional neurocircuitry of AgRP neurons may identify potential pharmacologic targets for the treatment of obesity and obesityassociated pathologies, including selective leptin resistance and obesity-associated hypertension.
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